Structural deformation and collapse in metal-organic frameworks (MOFs) can lead to loss of long-range order, making it a challenge to model these amorphous materials using conventional computational methods. In this work, we show that a structure-property map consisting of simulated data for crystalline MOFs can be used to indirectly obtain adsorption properties of structurally deformed MOFs. The structure-property map (with dimensions such as Henry coefficient, heat of adsorption, and pore volume) was constructed using a large data set of over 12000 crystalline MOFs from molecular simulations. By mapping the experimental data points of deformed SNU-200, MOF-5, and Ni-MOF-74 onto this structure-property map, we show that the experimentally deformed MOFs share similar adsorption properties with their nearest neighbor crystalline structures. Once the nearest neighbor crystalline MOFs for a deformed MOF are selected from a structure-property map at a specific condition, then the adsorption properties of these MOFs can be successfully transformed onto the degraded MOFs, leading to a new way to obtain properties of materials whose structural information is lost.
I
n the past decade, a large number of metal-organic frameworks (MOFs) have been synthesized for various energy and environmental-related applications (1) (2) (3) . However, there are many potential drawbacks to these materials that need to be addressed before they can be deployed in real applications. For example, the metal ions and the organic ligands comprising the MOF structures are connected via coordination bonds that can lead to structures that possess both thermal and chemical instabilities (4, 5) . As such, MOFs can readily undergo structural transformations under many circumstances, which include various thermal/vacuum treatments on activation, and exposure to air/moisture on handling, leading to irreversible damage (6) (7) (8) (9) . Although detrimental in most cases, the structural deformation can also be exploited to create strong binding sites that can enhance gas adsorption for sensing/storage purposes (10, 11) .
The signs of collapse and deformation of an MOF structure are usually captured by the disappearance, broadening, and/or shift of the powder X-ray diffraction (PXRD) patterns. Unfortunately, the changes observed in the PXRD peaks do not provide detailed information regarding the degree of difference between the examined MOF and its idealized parent, crystalline material. Moreover, for severe degradation where material starts to become increasingly amorphous, it becomes very difficult to model these materials using any of the conventional computational techniques such as molecular simulations due to the absence of structural information.
Here, we present a conceptual platform that uses a large amount of computational data to understand and to indirectly model these deformed, amorphous MOFs even with the lack of structural information. With significant progress being made within the field of computational materials research propelled by the recent White House initiative called the Materials Genome Initiative (12) , various research groups have successfully characterized and screened millions of materials in silico, using highperformance computing tools and new methodologies (13) (14) (15) (16) . With the ever-increasing amount of materials data available to the public, the question of how, when, and where we can use all of this information has not been fully explored by the researchers. Thus far, large-scale in silico screening studies have been mainly used to (i) identify the best-performing materials for a given application and (ii) elucidate structure/property relationships from large data analysis (13, (15) (16) (17) (18) (19) (20) (21) (22) . In this work, we report an idea that makes use of a structure-property map constructed using a large number of computational data to indirectly model deformed MOFs in the absence of structural information. Furthermore, the structureproperty map is further extended by using the map to detect anomaly experimental data points, illustrating its diverse utility.
Results and Discussion
Construction of a Methane Structure-Property Map. To construct a structure-property map with a large number of simulated data, crystalline structures of experimentally synthesized MOFs, known as the computation-ready, experimental (CoRE) MOF database (i.e., 12,632 fully activated, defect-free, and charge-neutral
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Modeling amorphous materials using the conventional molecular simulation method is exceedingly difficult because structural information of the material is absent. Here, we present a way to indirectly model structurally deformed metal-organic frameworks using a large number of simulation data for crystalline metalorganic frameworks. Our experimental/computational results demonstrate that computed adsorption properties of crystalline metalorganic frameworks can be transferred onto those of structurally deformed, amorphous metal-organic frameworks. This opens up a way to understand adsorption properties of amorphous materials.
3D MOF crystal structures) (23) , were used to compute the adsorption properties. With regard to the dimensions of the structure-property map, Henry coefficient (K H ), (zero-coverage isosteric) heat of adsorption (Q st ), and (micro)pore volume were selected, as these properties can be obtained readily from experimental isotherm data and can be used to represent adsorption properties of gas molecules across diverse range of pressures: (i) Henry coefficient is related with the spatial average accessible density of adsorption sites at specific temperature (24) ; (ii) heat of adsorption represents the (Boltzmann) average binding strength of adsorption sites (1); and (iii) micropore volume has a relation to the volume of adsorption sites.
Monte Carlo simulations of 12,632 MOF structures from the CoRE MOF set were conducted using methane as a probe. Methane was chosen due to its industrial importance for storage and separation applications (1, 13, 25, 26) . Moreover, methane adsorption in MOFs has been shown to yield relatively accurate data (compared with other polarizable gas molecules), making it an ideal candidate probe to test our methodology (13, 27) . From this data set, 6,093 structures with sufficiently large methane adsorption (i.e., K H > 10 −7 mol·kg
) were used to construct the CH 4 structure-property map at T = 298 K that consists of heat of adsorption, Henry coefficient, and pore volume (Fig. 1A , and see SI Appendix, sections 3.1 and 3.2 for details on the calculation). From the structure-property map, clear correlation can be seen among the data points as the CoRE MOF structures that are clustered together in nearby structure-property regions tend to possess similar material properties (e.g., structures with similar K H and heat of adsorption also tend to have similar pore volumes). This is understandable given that some of these structure-property dimensions are correlated such that it would be very unlikely to find MOFs that simultaneously have extremely high K H and extremely small heat of adsorption, as an example. To see whether these trends hold for other gas molecules, a structure-property map was obtained from H 2 computational simulations and, similar to CH 4 , the general trend of correlation among cluster of points remains the same (SI Appendix, Fig. S18 ).
To examine whether the trend found from the computational structure-property map agrees with the experimental data of crystalline MOFs, 13 experimental data points (1, (28) (29) (30) (31) (32) (33) were selected and placed on top of the structure-property map in the 2D view (Fig. 1B) . The selected experimental data were extracted from recent review papers on methane storage in MOFs (1, 28) and several source papers of the CoRE MOF database (29) (30) (31) (32) (33) . Except for NU-111, all of the experimental data showed consistent placement within the computational structure-property map. It is noteworthy that adsorption properties for open-metal MOFs (i.e., HKUST-1, UTSA-20, and MOF-74 series) also show consistent property behaviors within the methane structure-property map. It is conceivable that whereas experimental and computational data of the same material might not necessarily agree [e.g., due to the inadequacy of the universal force-field (UFF) model, which is known to give erroneous adsorption energies for open-metal MOFs (34)], the placement within the map showed similar trends.
Building upon this observation, we decided to see what happens upon placing erroneous experimental data onto the structure-property map. As a demonstration, a well-known MOF structure called PCN-14, first synthesized by Ma et al. (35) , was chosen as a test case material as it was regarded as a very promising MOF for methane storage with a controversial (at the time) reporting of a significantly large methane heat of adsorption (30 kJ/mol). Subsequent experimental studies conducted by Peng et al. (36) and Mason et al. (1) showed that the heat of adsorption values were significantly smaller [17.6 kJ/mol (Mason et al.) , 18.7 kJ/mol (Peng et al.) ] compared with what was reported in the original paper. With the placement of these three data points onto the methane structure-property map from the previous section, it can be clearly seen that the original PCN-14 is an anomaly point (Fig. 1C) . Subsequently, one important utility of our computational structure-property map is that it can potentially be used to detect experimental errors that might not be apparent without the proper context of large amounts of data. This can allow experimentalists to input their experimental data point on a preexisting structure-property map to determine the veracity of their own work.
Adsorption Properties of Deformed MOFs on the Structure-Property
Map. Next, we moved to the degraded MOFs to examine whether the MOFs that have lost their crystallinity still showed similar trends within our computational structure-property map. SNU-200, MOF-5, and Ni-MOF-74 were selected as test materials to develop our method. N 2 isotherms at T = 77 K and CH 4 isotherms at T = 298 K were obtained from our experiments. As shown in the adsorption isotherms of SI Appendix, Fig. S7 , in the case of MOF-5 and Ni-MOF-74 the MOFs were degraded gradually from exposure to air at varying times. A total of 13 experimental data points of these parent/deformed MOFs at T = 298 K were positioned onto the CH 4 structureproperty map, as shown in Fig. 2A . By tracing the path of air exposure from 0 to 24 h for the two MOFs within the structureproperty space, different trends can be identified. For MOF-5, there is (a) decreasing K H ; (b) increasing heat of methane adsorption; and (c) decreasing pore volume. Upon structural deformation, the reduction in the pore volume is most likely accompanied by creation of strong adsorption sites that might be responsible for the enhanced heat of methane gas adsorption. For Ni-MOF-74, compared with MOF-5, relatively smaller changes were observed perhaps due to the environment around the openmetal sites that remains largely the same during air exposure.
What is interesting from Fig. 2A is that the pore volumes of all of the degraded MOFs on the CH 4 structure-property map showed good agreement with the values from the nearby CoRE MOF structures. To test the robustness of this observation, the dimensions/conditions were changed in the following manner to create different structure-property maps: (i) temperature was changed from T = 298 to 195 K and computational and experimental data were both collected at T = 195 K for all of the MOF structures ( Fig. 2B ) and (ii) the structure-property dimension of pore volume was changed to the methane uptake value at 1 bar (Fig. 2C) . In all of these cases, strong correlation between the properties of the parent/deformed and the crystalline MOFs remains intact. These results indicate that structurally deformed MOFs fundamentally share similar sets of properties compared with crystalline MOFs that are located nearby in the structureproperty map. This is not a priori obvious as there are instances (e.g., PCN-14 with experimental error) where structures need not share similar properties with nearby neighbors. The implication here is that it is conceivable the material properties (e.g., Henry's constant, heat of adsorption, and pore volume) of crystalline MOFs can potentially be transferred to those of the deformed materials if judiciously selected.
Transferability of Structure-Property Maps. To verify the aforementioned claim, the CoRE MOF structures that are most similar to each of the 13 experimental MOF data points were identified in the CH 4 structure-property map ( Fig. 2A) . To quantify similarity, the Euclidean distance of the normalized methane structureproperty map at T = 298 K was used. Specifically, the max-min normalization (Eq. 1) was adopted due to its simplicity on eliminating different physical units of dimensions.
where y norm is the transformed property value through the maxmin normalization, y original is the original property value of interest (e.g., experimental data for deformed MOFs), and y min and y max are the minimum and maximum values of the properties in the structure-property map. By using these unitless adsorption properties from the normalized CH 4 structure-property map, the Euclidean distances between experimental data of 13 of the parent/deformed MOFs and all of the CoRE MOF simulated data were computed. Next, the 5 closest crystalline MOF structures for each of the 13 experimental data points were selected as the nearest-neighbor MOFs (SI Appendix, Fig. S10 Computational simulations were conducted on these nearest CoRE MOF structures (5 × 13 = 65 structures altogether) using the methane and the hydrogen probes over a wide range of temperatures (T = 77 to 313 K), with corresponding 52 experimental data collected for the 13 parent/deformed MOFs (SI Appendix, Tables S4, S5 , and S8). Comparisons between the computational properties (calculated by taking the averages of K H , heat of gas adsorption, and pore volume) of the five similar MOFs and the corresponding experimental data indicate that across a wide range of structures and temperatures that have undergone varying degrees of deformation, the overall agreement is very good (Fig. 3 ). It is noteworthy that H 2 data (at T = 77 and 87 K, Fig. 3) show good agreement between the simulation and the experimental data as well, signifying that transferability works across different gas molecules.
Accordingly, if we were given a single set of experimental data at a specific condition (e.g., methane adsorption properties at T = 298 K) for a degraded MOF, the nearest-neighbor crystalline materials could be identified from a structure-property map and their adsorption properties could be successfully transferred onto these deformed materials at different conditions (SI Appendix, section 5.2).
The utility of transferability can be significant given that certain material properties (e.g., gas molecule binding energy and gas molecule potential energy distributions) simply cannot be obtained in the absence of the structure information. For example, methane potential energy histograms for five nearest-neighbor MOFs of the degraded MOF-5 structures with different humid air treatments are similar to one another (Fig. 4 and SI Appendix, section 3.4). Thus, these data provide quantitative insights into the energetics of the pores and can only be obtained via simulations (it is not possible to get these data via experiments) of the similar crystalline materials. In particular, the energetics of the pores analyzed from the CH 4 energy histograms can also be used to understand the deformation behaviors of the degraded MOFs. As the exposure time to air increases for the MOF-5 samples, increasing numbers of strong binding sites (i.e., the appearance of the frequency of the lower CH 4 energies) are created as can be seen from the energy histograms, resulting in a higher heat of adsorption for CH 4 . However, the density of favorable binding sites, which has a negative CH 4 energy value, diminishes significantly along with the air exposure time from 4-h air exposure to 4.5-h exposure.
Conclusions
In summary, structure-property relationship analysis provides evidence that both crystalline and structurally deformed MOFs share similar trends within the map as demonstrated by the comparisons between the deformed SNU-200/MOF-5/Ni-MOF-74 structures and their nearest-neighbor CoRE MOF data points. Accordingly, we have used this observation to hypothesize and to demonstrate transferability between the adsorption properties of these deformed MOFs and those of the nearest-neighbor crystalline structures within the structure-property map, opening up a conceptual platform to understand and to indirectly obtain adsorption properties of these deformed materials. At this point, we acknowledge that it is unclear where the concept of transferability breaks down. For example, for completely different guest molecules (e.g., CO 2 or long alkanes), the transferability might not hold. However, we hypothesize that this "limitation" can be addressed by including more dimensions in the original structureproperty space such that structures become more similar across a larger number of structure-property dimensions.
The utility of the structure-property relationship analysis can be extended to other avenues in which we show that reliability of experimental data can be readily checked. Also, adsorption experiments at harsh and/or specific conditions (e.g., radioactive, toxic, and/or explosive gas, at cryogenic temperatures), might be difficult to perform in a general laboratory setting, and thereby our method can facilitate producing relevant data. The ideas that we have developed can perhaps be generalized to not only deformed MOF structures, but also other materials (e.g., polymers, carbonaceous materials) that are known to be more amorphous. With the ever-increasing amount of available experimental and computational porous materials data, it is our current vision that more advanced and sophisticated structure-property relationships can help us better understand and to model materials in which structure information is unknown or incomplete.
Materials and Methods
Experimental Structural Deformation of MOFs. SNU-200 was selected as it was initially synthesized by a few of the authors in this paper, and disappearance, broadening, and shift of the PXRD peaks were observed upon activation of the as-synthesized SNU-200 with supercritical CO 2 (37), indicating signs of structural collapse. The deformed SNU-200 sample was prepared according to the previous report (SI Appendix, section S1.2). MOF-5 (38) and Ni-MOF-74 (39) were selected as representative materials for analysis as they are some of the most well-known and commonly studied MOFs. MOF-5 and Ni-MOF-74 were artificially degraded by controlling air exposure time of the samples with 40% humidity at room temperature from 0 to 24 h. To obtain methane adsorption data, low-pressure (up to 1 bar) isotherm experiments were conducted for SNU-200 (at 195, 231, 273, and 298 K), and all of the samples of MOF-5 and Ni-MOF-74 (at 195, 273, 298, and 313 K). N 2 isotherms at T = 77 K were performed for all of the MOF samples and the Dubinin and Radushkevich (DR) method (40) was used to obtain the micropore volume (see SI Appendix, section 4 for details). If N 2 uptakes at low pressures, which are required to obtain micropore volume using the DR method, are not available, total pore volumes reported in the previous work were used because total pore volume is almost the same as the micropore volume for a crystalline microporous MOF. Before gas sorption measurements, the air-exposed samples were evacuated at 373 K for reactivation.
Monte Carlo Simulations. Henry coefficients and heats of adsorption were obtained using the Widom insertion Monte Carlo method. Grand canonical Monte Carlo simulations were performed to obtain the adsorption isotherms data (41, 42) . To accelerate the simulations, an in-house graphics-processingunit-based code (43, 44) was used with an energy grid with a grid spacing of 0.15 Å. The interaction energies between the gas molecule and the framework atoms were calculated using the 12-6 Lennard-Jones (LJ) potential model with a cutoff radius of 12.8 Å with the Lorentz-Berthelot mixing rule.
The UFF (45) was used to model the framework atoms as it has been shown that the UFF can accurately model CH 4 and H 2 uptakes for various MOFs (27, 46) . At low temperatures (T = 77 and 87 K), the Feynman-Hibbs effective potential (47, 48) was used to correct the quantum effects for the hydrogen. Single crystal structure of SNU-200 represents Zn5 secondary building units (SBUs) linked by eight carboxylates, two hydroxyl bridges and coordinated four DMF (N, N' -dimethylformamide) solvents indicating a doubly interpenetrated network (Fig. S1 ). It has a 1 D channel along c axis with 8.4 Å diameter. The secondary building unit of Zn5 consists of the crystallographically independent three Zn(II) atoms with center of symmetry. One Zn atom indicates a tetrahedral coordination and rest of them exhibits octahedral coordination geometry, respectively. One of Zn atoms with octahedral coordination geometry has two coordinated DMF solvents which lead to structure transformation by removal of coordinated solvents.
S3
In order to remove the guest molecules in the pore of crystals, supercritical CO2 drying method was utilized. The crystals immersed in the mother solvent were placed inside the supercritical dryer. The temperature and pressure of the chamber were set to 40℃ and 200 bar with CO2 which is above the critical point (31℃, 73 atm) of CO2. CO2 flowed at a rate of 10 mL min -1 , and then filled with CO2 again. The cycles of refilling, pressurizing, and venting were repeated for 4 hr. The dried crystals were transferred to a glove bag to prevent the crystals from exposure to air. The PXRD pattern indicates that activated SNU-200 is amorphous. As an evidence for the transformation of SNU-200 structure, computed CH4 adsorption isotherms for an ideal SNU-200 crystalline structure at 298 K is compared to those for the experimentally measured sample. For the simulations, DMF solvent molecules in the original X-ray crystal structure (1) were removed manually using molecular editor software, Avogadro (2). After desolvation, a geometry optimization for the SNU-200 structure was conducted by using the semi-empirical method, PM7 in the MOPAC program (3). As shown in Fig. S2 , the computed CH4 uptake at high fugacity (i.e., ~50 bar) is overestimated with respect to experimental data. In addition to that, simulated CH4 Henry coefficient for SNU-200 is about 4 times larger than experimental data. Assuming that the SNU-200 sample was fully activated by S-CO2 drying technique, these large discrepancies between simulated and experimental adsorption isotherms may indicate a potential transformation/collapse of the SNU-200 sample after activation. 
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S2. Sample Characterization and Measurement
S2.1. Powder X-ray Diffraction
In order to observe the structure transformation, powder X-ray diffraction was measured. Powder X-ray diffraction (PXRD) data were obtained on a Bruker New D8 diffractometer (at 40 kV and 40 mA for Cu Kα (λ = 1.54050 Å)) and PANalytical Empyrean diffractometer (at 45 kV and 40 mA for Cu Kα (λ = 1.54050 Å) with a scan speed of 5° min-1 and a step size of 0.02° in 2θ. The powder x-ray diffraction patterns of pristine MOFs (i.e., SNU-200, MOF-5 and Ni-MOF-74) agree well with simulated patterns derived from single crystal X-ray data. However, after removal of guest solvent, undesirable structure transformation of SNU-200' (herein, prime indicates that sample was activated with supercritical CO2) is observed in the powder X-ray diffraction pattern with disappeared peaks, peak broadness, and peak shift (1). Even though it is often happened in MOFs during the activation process, it is hard to understand structure deformation and their properties without structure information.
For the artificial structure deformation of MOFs (MOF-5 and Ni-MOF-74), we tried to exposure the MOFs to air with 40% humidity depending on the times and then measure the powder X-ray diffraction. After removal of guest solvents, all parent MOFs represent the same diffraction patterns as simulated powder X-ray diffraction derived from single crystal X-ray data. It means that there is no structure deformation during the activation process. While exposure to air deteriorates the MOF structures, indicating the disappeared peaks, decreased peak intensity and peak broadening. In general, MOF-5 is well known compound as a moisture sensitive material (4). Thus, we decided to control a degree of structure deformation depending on the air exposure time. From the exposure time within 1 hr, MOF-5 has a decreased main peak intensity and appearance of a new peak at the low angle (2θ < 10°) (Fig. S5) . On the other hand, before and after air exposure Ni-MOF-74 represents almost same powder diffraction patterns (Fig. S6) . Fig. S5 . Powder X-ray diffraction patterns of MOF-5 depending on the air exposure time. Dried MOF-5 (black), MOF-5 exposure to air for 1 hr (red), for 4 hr (blue), for 4.5 hr (dark cyan), for 6 hr (pink), for 7 hr (dark yellow) and for overnight (navy). 
S2.2. Low Pressure Gas Sorption Measurement
All gas sorption isotherms were recorded in Micrometrics ASAP2020 and Autosorb-3B. All gases used were of 99.999% purity. In order to measure the gas adsorption-desorption, SNU-200 activated by supercritical CO2 drying method (SNU-200') was loaded in an automated micro-pore gas analyzer Autosorb-3B (Quantachrome Instruments). The N2 isotherms were measured at 77 K, and CH4 sorption isotherms were measured at 195 K, 231 K, 273 K, and 298 K. After finishing the gas sorption measurement, weight of the sample was measured precisely again.
The sample of MOF-5 was prepared by following the previous section. The guest removal was performed by heating at 100℃. After activation, the crystals were exposed to air for an artificial collapse depending on the time (1 hr, 4 hr, 4.5 hr, 6 hr, 7 hr, and 24 hr). Prior to gas sorption measurement the air exposed samples were evacuated at 100℃ for reactivation. After then N2 isotherm was measured at 77 K and CH4 gas was recorded at 195 K, 273 K, 298 K, and 313 K respectively.
The sample of Ni-MOF-74 was prepared by following the previous section. After exchanging the guest solvent with ethanol, the crystals were activated by vacuum and heating at 160℃. After the solvent removal, the crystals were exposed to air for artificial deformation depending on the time (2hr, 3hr, 6 hr, and 24 hr). Prior to gas sorption measurement the air exposed samples were evacuated again at 160℃ for reactivation. Sequentially N2 isotherm was measured at 77 K and CH4 adsorption and desorption were recorded at 195 K, 273 K, 298 K, and 313 K respectively.
In the cases of N2 isotherms, without humid air treatments, both MOF-5 and Ni-MOF-74 show the typical Type I isotherm of the IUPAC classification (5) for microporous materials (Fig. S7a-b) . By increasing the exposure time to humid air, the saturation N2 uptakes of MOF-5 and Ni-MOF-74 are decreased but the shape of the N2 isotherms varies. For MOF-5, a rapid increase in N2 uptake near relative pressures from 0.9 to 1 appears as an air exposure time increases, indicating the formation of meso/macropores. In the case of Ni-MOF-74, isotherm curves are changed from Type I to Type IV isotherm, which has a hysteresis loop exhibiting the presence of mesopores (6), with increasing air treatment time.
For CH4 isotherms at T = 298 K of MOF-5 and Ni-MOF-74 samples at low pressures (Fig.  S7c-d) , with increased air treatment time, CH4 uptakes are diminished noticeably in MOF-5 compared to Ni-MOF-74 as the reduced CH4 uptake for the 24 hr air-treated MOF-5 sample is only 13.5% (0.0421 mol/kg) of that of the as-synthesized MOF-5 sample (0.311 mol/kg) while 79.3% for Ni-MOF-74 samples in the same fashion (0.825 mol/kg and 1.04 mol/kg). 
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S3. Computational Methods
For the construction of a structure-property map, a large number of crystal structures for synthesized metal-organic frameworks (CoRE MOFs) were used to compute adsorption performance and geometric properties due to lack of experimental adsorption data.
S3.1. Monte Carlo Simulation
To compute adsorption properties such as Henry coefficients, heats of adsorption, and adsorption isotherms for a large number of MOFs, an in-house GPU-based code was used (7, 8) . By the virtue of parallel computing capacity of the GPU, multiple MC simulations can be performed simultaneously and result in tremendous speedup. In this work, we utilized GeForce GTX TITAN Z and GeForce GTX 780. To accelerate computations further, energy grid with a spacing of 0.15 Å was generated first.
The interaction energies between gas molecule and framework atoms were calculated using a 12-6 Lennard-Jones (LJ) potential model (Eq. 1) with a cut-off distance of 12.8 Å.
1
where ULJ is the potential energy, ε is the well-depth, σ is the equilibrium distance, and r is the distance between interacting particles. The LJ force-field parameters for framework atoms were adopted from UFF (9). For gas molecule models, Buch Lennard-Jones potentials (10) (σ = 2.96 Å and ε = 34.2 K), and transferable potentials for phase equilibria (TraPPE) force field (11) were utilized for H2, and CH4, respectively. To compute interaction energies between dissimilar atoms, the Lorentz-Berthelot mixing rules was used. In particular, the FeynmanHibbs (FH) effective potential was used to correct quantum effects originated from nanoscale confinement at low temperatures (T = 77 K, 87 K). The correction is that hydrogen is considered as the quantum fluid of Gaussian wave packets. The FH potential is an average of classical LJ potential over the wave packets. Here, quadratic approximation to the FH potential was used because it is known to be accurate enough to estimate the thermodynamic and dynamic properties (12, 13) .
where kB is the Boltzmann constant and T is temperature, ħ is the reduced Planck's constant, and μm = m/2 is the reduced mass of interacting pair of fluid.
Using the potential energies calculated above, Henry coefficient (KH) and the heat of adsorption (Qst) can be computed from the Widom insertion MC simulations. Firstly, a guest molecule is inserted in the simulation box at random position temporarily (so the guest molecule is called as "ghost" particle or Widom test particle). Then interaction energies (U) between the test particle and framework atoms at specific configuration are calculated. Finally, Henry coefficient (KH) and the heat of adsorption (Qst) are computed using Eq. 3 and 4 (14) .
where the bracket < > indicates the ensemble average.
S3.2. Computational Estimation of Micropore Volume
Based on crystal information of MOF structures, geometric characteristics for the MOFs such as accessible surface area and pore volume can be calculated using various algorithms and software (15) . In this work, we have utilized the Zeo++ program (16) to compute pore volume for MOF structures of the CoRE MOF database.
In general, a spherical probe with the diameter identical to one of kinetic diameters of gas molecules (e.g., H2, He, Ar, CH4, and N2) is selected for the calculations. However, there are two issues, making it difficult to compare between experimental and simulated pore volumes. (18, 19) . These issues may occur due to the presence of defects generated during synthesis, incomplete solvent removal and partial collapse during activation, and/or geometric relaxation during solvent removal.
To find the optimal probe radius, we first selected a wide range of experimental pore volume data from several literature reviews (17, 20, 21) . The criteria for the selection are as follows: (i) Less than 3% difference in the experimental and the computational crystal density of a MOF. (ii) Exclusion of solvent molecules in the MOF cif file reported to the Cambridge Structural Database (CSD), which is the source of the CoRE MOF database. This criterion is needed because most of the CoRE MOF structures are not geometrically optimized after the removal of solvents. (iii) Experimentally measured N2 isotherm at T = 77 K for the MOF is available to calculate micropore volume. (iv) If there are multiple experimental data satisfying (i) ~ (iii) requirements exist for a certain MOF, the largest pore volume is assumed as a reference experimental data for fully activated, relaxed and ideal crystalline structure of the MOF for further calculations.
A total of 14 experimental data were selected as a reference set to compare with Zeo++ data for various probe molecule sizes (Table S2) . From Fig. S8 , it can be seen that usage of the helium (1.3 Å) and nitrogen (1.82 Å) gas molecules lead to simulated pore volumes that are far smaller than those of the experimental data. These deviations could possibly originate from the limitations of the geometry-based simulation model. First, real gas molecules have non-spherical shape, which means that packing configurations using a rigid spherical probe molecule can lead to large deviations in certain cases. Second, the kinetic diameters of gas molecules only reflect the gas-gas interactions, not taking account of gas-wall atom interactions (22) . This is important for microporous materials because adsorbed guest molecules are much more likely to adhere to the wall atoms of a microporous adsorbent compared to meso/macroporous materials. It is noted that only 0.523% (66 structures) of the CoRE MOF set have pores with a diameter larger than 2 nm (i.e. mesopore defined by the IUPAC) based on conservative results calculated using Zeo++ with the zero-size probe. Third, the van der Waals radii for framework atoms used in Zeo++ may not accurately mimic the thickness of MOF wall. This is because the radii of a ligand part of MOFs are more similar to covalent radii while those of a metal-ligand part are closer to ionic radii of the atoms. Because of all these factors, the optimal probe radius of Zeo++ that minimizes the deviation between the S13 experimental and the simulated pore volumes was found to be 0.195 Å, which we used for all the simulated pore volume data. To find nearby structures based on dimensionless structure-property space, all of dimensions (specifically, log10(KH), heat of adsorption, and log10(Vpore)) were normalized through the maxmin normalization.
After the normalization, the Euclidean distances between selected data points (herein, experimental data of 13 parent/deformed MOFs at 298 K) and CoRE MOF data points in the dimensionless map were computed and sorted in a descending order to specify which one is the nearest MOF structure. To compare with the experimental data points, average values of simulated data for five nearest neighbor MOFs were used ( Table S3 ). The number of chosen nearest neighbor MOFs (i.e., 5) was determined somewhat arbitrarily by considering that the deviations for both heat of adsorption and pore volume exhibit are low while that of Henry coefficient is not too high. In Fig. S10a , the selected five nearest neighbor MOFs for each of the specific experimental data points (e.g., MOF-5: exp. 0 hr, 1 hr, and 24 hr exposure) are seemed to be a bit away from the experimental data points. As can be seen in Figs. S10b and S10c, however, it seems clear that the chosen neighbor MOFs for the experimental data are the closest ones with different viewpoints of the structure-property map. 
S3.4. Methane Energy Histogram
To obtain CH4 energy histograms of crystalline structures for analyses, firstly, the same 3-dimensional energy grid used for the GCMC simulations were generated by computing the interaction energies between methane gas molecule and all of the framework atoms at each of grid points. The computed CH4 energy values at each grid points were counted to each energy histogram bin with the bin size of 100 K (= 0.831 kJ/mol) in the range from -5500 K (= -45.730 kJ/mol) to -4500 K (= -37.415 kJ/mol). Finally, the counted energy frequencies were normalized to the total number of energy grid point. S17
S4. Experimental Adsorption Properties for SNU-200, MOF-5, and Ni-MOF-74
S4.1. Experimental Estimation for Henry Coefficient (KH) of CH4 and H2
Based on the low pressure CH4 gas sorption measurements of SNU-200, MOF-5, and Ni-MOF-74, Henry coefficients for SNU-200, MOF-5 and Ni-MOF-74 were estimated by linearly fitting to the obtained CH4 and H2 gas adsorption isotherms (Table S4 ). The coefficient of determination (denoted by R 2 ), which represents how well data fit to the regression line, is close to 1. Each of the adsorption isotherm data at different conditions was visually checked for ensuring the selected experimental data are within the Henry's law region where an amount of gas adsorbed has a linear relation with pressure. The linear fitting method was adopted instead of computing from isotherm models because using isotherm models can produce false results since the isotherm model equations are fitted to the total pressure range (~ 1 bar), not limited to low pressures of the Henry regimes.
All the experimental data of SNU-200, MOF-5 and Ni-MOF-74 were extracted from the pressure range less than 0.1 bar. In the cases of MOFs with only high pressure data obtainable, experimental data up to about 3 bar were used so the estimated Henry coefficients may show a bit underestimated value. In addition, Henry coefficients were calculated from the fitted isotherm models to experimental data for comparison. The reduced equations to obtain Henry coefficient from virial-type equation and dual-site Langmuir model were used for H2 and CH4, separately. As shown in Table S4 , most of calculated Henry constants from the visually fitted linear lines and from isotherm models are well matched in exponential order. where P is pressure (atm), T is temperature, N is the amount adsorbed gas (cm 3 /g), Nm is the amount adsorbed gas at saturation, R is gas constant, and bA and bB are constants. For H2 gas sorption (at 77 K and 87 K), previously reported data was used (1) . Unlike CH4 heats of adsorption values, those of H2 at 77 K and 87 K (Qst of H2 at 77 K and 87 K = 7.70 kJ/mol) were calculated using virial-type adsorption equation (Eq. 8) and Eq. 9 (1). 
S4.4. Dubinin and Radushkevich (DR) Method for Estimating Experimental Micropore Volume
Micropore volumes for SNU-200, MOF-5, and Ni-MOF-74 were estimated using the Dubinin and Radushkevich (DR) method (32) . Structurally deformed MOFs could possess a large portion of meso/macropores. However, other two adsorption properties, which are dimensions of a structure-property map, such as Henry coefficient and heat of adsorption are highly sensitive to micropores compared to meso/macropores. For this reason, micropore volumes of deformed MOFs were calculated using the DR equation (Eq. 10). The DR equation is expressed as below where Na is N2 uptake [cm 3 /g], Nmicro is the saturated N2 uptake in the micropore [cm 3 /g], D is constant and P/P0 is relative pressure. log log log 10
From N2 isotherm in the range of relative pressure from 10 -4
to 0.1, data points were selected to draw a linear regression line (i.e., y = C1x + C2) between log10(Na) and [log10(P0/P)] Comparison between the total pore volumes calculated from saturated N 2 loadings and the micropores volumes from the Dubinin and Radushkevich (DR) method reveal clearly the portion of micropore volume over total pore volume becomes smaller as the humid air exposure time increases, indicating growing formation of meso/macropores. To test the hypothesis that trend in a structure-property map can be extended to other class of porous materials such as zeolites, simulated data points for hypothetical zeolites (39, 40) and IZA zeolites (41, 42) were added to the CH4 structure-property map of CoRE MOFs at 298 K. In this study, the prescreened 130101 SLC hypothetical zeolite frameworks (43) , which were predicted to have CH4-accessible pores by Zeo++ with probe radius of 1.625 Å and possess CH4 Henry coefficient larger than 10 -7 mol/kg/Pa, were investigated. Among them, randomly selected 6000 hypothetical structures were used to plot on the structure-property map since too much data points can be overlapped and resulted in a visual recognition problem. For experimentally synthesized zeolite structures, 217 zeolite frameworks were obtained from the database of the International Zeolites Association (IZA). All zeolite frameworks were assumed as pure silica zeolites for the brevity of analysis.
S4.5. Experimental Adsorption Properties of Crystalline MOFs
As a result, data points of zeolite structures are combined well in the tendency of the CH4 structure-property map for MOFs, illustrating in Fig. S17 . The area of the structure-property space for the zeolite structures are smaller than that for MOFs. In particular, the scope of hypothetical zeolite materials is skewed to the regime of low heat of adsorption and Henry coefficient for CH4. Unfortunately, there is almost no hypothetical zeolite structure, which exhibits higher CH4 heat of adsorption, Henry constant and pore volume, compared to the IZA structures. 
S5.2. Hydrogen
hydrogen structure-property maps at 77 K and 298 K were constructed and the average simulated data of the 5 nearest neighbor MOFs, which are chosen from the CH4 structureproperty map at 298 K, of the deformed MOF-5 samples were mapped onto the hydrogen maps (Fig. 18) . Interestingly, the shapes of the hydrogen maps at cryogenic and room temperatures are quite different. The inverse relation between H2 Henry coefficient and pore volume at 77 K is reversed at 298 K. This result agrees well with the previous interpretations that, at low loading, H2 adsorption capacity is proportional to heat of adsorption at 77 K but highly correlated with pore volume at 298 K (44) (45) (46) . As air exposure time increases, the trend in property variations of the H2 structure-property map at 298 K are follows: (i) decreasing H2 KH,
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(ii) increasing H2 heat of adsorption, and (iii) decreasing pore volume. Differ from the 298 K case, H2 Henry coefficient could be increased at low to intermediate air exposure times at 77 K as pore volume decreases. According to the work by H. Frost et al., (46) reasonable H2 storage target for vehicles of 9 wt% and 30 g/cm 3 at 298 K could be achieved with MOFs, which show an isosteric heat of adsorption of above 15 kJ/mol and a pore volume of 2.5 cm 3 /g. More recently, L. J. Murray et al. (45) discussed more than 20 kJ/mol of heat of hydrogen adsorption is required to develop hydrogen adsorbents that can be used at 298 K. However, as can be seen in Fig. 18b , the suggested target for H2 adsorbents at 298 K seemed to be unachievable without further modification strategies for the parent MOFs or usage of different classes of materials. 
